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The two-dimensional (2D) Ruddlesden–Popper-type perovskites, possessing tunable bandgap, narrow light emission,
strong quantum confinement effect, as well as a simple preparation method, are identified as a new generation of candidate
materials for efficient light-emitting diodes. However, the preparation of high-quality quasi-2D perovskite films is still
a challenge currently, such as the severe mixing of phases and a high density of defects within the films, impeding the
further promotion of device performance. Here, we prepared the quasi-2D PEA2MAn−1PbnBr3n+1 perovskite films by a
modified spin-coating method, and the phases with large bandgap were effectively suppressed by the vacuum evaporation
treatment. We systematically investigated the optical properties and stability of the optimized films, and the photolumines-
cence (PL) quantum yield of the treated films was enhanced from 23% to 45%. We also studied the emission mechanisms
by temperature-dependent PL spectra. Moreover, the stability of films against moisture, ultraviolet light, and heat was also
greatly improved.

Keywords: quasi-2D perovskite films, vacuum evaporation, optical properties, stability
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1. Introduction
The past decades have witnessed the rapid and remark-

able development of halide perovskites (ABX3, A = MA+,
FA+, Cs+; B = Pb2+, X = Cl−, Br−, I−) with peculiar pho-
toelectric properties, such as strong optical absorption, low
trap state density, and high carrier mobility. Besides the
above unique properties, the preparation methods of halide
perovskites are also low-cost and facile, and their optical
bandgaps and emission wavelengths are tunable by changing
the halide compositions. Such properties make halide per-
ovskites have great advantages in the field of photoelectric
applications.[1–5] Recently, perovskites-based light-emitting
diodes (LEDs) have attracted much attention and their exter-
nal quantum efficiencies (EQEs) in the green, red, and near-
infrared spectral regions have exceeded 20%,[6–8] which opens
up a huge opportunity for their actual commercialization. As
the emitter layers, the perovskite films obtained by direct spin-
coating technology always reveal some inevitable problems,
such as a low surface coverage, and a non-uniform morphol-
ogy with different sized grains. Therefore, improving the crys-
tal quality of perovskite films is one of the effective strategies
to boost the EQEs of LEDs. And another strategy is enhancing
the radiative recombination of carriers in the emitter layers,
which can be successfully achieved by using charge carrier
confinement in low-dimensional structures.[9,10]

Very recently, the emerged quasi-2D layered perovskites

formed by introducing long organic ligands into the 3D
bulk perovskites are expected to achieve high-performance
LEDs, which have the advantages of good film morphol-
ogy, quantum confinement, and high photoluminescence
quantum yield (PLQY), as well as enhanced environmental
stability.[11–13] In 1994, Era et al. firstly reported the 2D lay-
ered (C6H5C2H4NH3)2PbI4 LED, which emits the green lu-
minescence centered at 520 nm.[14] But the requirement oper-
ating at liquid-nitrogen environment is a challenging issue due
to the larger scattering rate at higher temperature. Phenylethy-
lammonium (PEA=C8H9NH3) was incorporated into the 3D
MAPbBr3 to form the quasi-2D perovskite structure by Sar-
gent’s group,[15] and a high-performance LED with EQE of
7.4% was realized after tailoring the energy landscape in the
composition of quasi-2D perovskites. In 2018, You et al. en-
hanced the EQE of the green LED to 14.36% by composition
and phase engineering, and also the surface passivation.[16]

Although numerous efforts have been paid, there is still a lack
of significant breakthroughs that propel such LEDs into the
commercialization stage.

As we all know, a mixture of multiple phases are usu-
ally contained in the quasi-2D perovskites simultaneously,[14]

in which the exciton energy of large bandgap phases (small
n value) can quickly transfer into the small bandgap phases
(large n value), then achieving the final emission band. An
excess of small n value (n = 1, 2) phases in the quasi-2D
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perovskites will be adverse to the transfer of the exciton en-
ergy, leading to inferior fluorescence efficiency, which is a ma-
jor obstacle for quasi-2D perovskite LEDs to reach a higher
EQE.[17,18] In order to solve this problem, Friend and his
co-workers put forward a strategy of an optimized nanocrys-
tal pinning to control the compositions and crystal orienta-
tion, and a higher PLQY was obtained after accurate suppres-
sion of phases with small n values.[19] In addition, Wang et
al. proposed a method of washing away excess organic lig-
ands by isopropyl alcohol (IPA), and a significant increase of
EQE of quasi-2D perovskite LED from 1.81% to 8.42% was
achieved.[20] Besides, Na+ was introduced into the quasi-2D
perovskites to reduce the formation of n = 1 phase and a max-
imum EQE of 11.7% for the sky-blue perovskite LED was
acquired.[21]

Taking the above problems into consideration, firstly,
we used an anti-solvent crystallization method to prepare the
quasi-2D perovskite films, PEA2MAn−1PbnBr3n+1. While,
the optical properties of the obtained films were relatively
poor. Then, the vacuum evaporating solvent before anneal-
ing was performed to suppress the phases with small n values.
By this way, the PLQY of the quasi-2D perovskite films was
significantly enhanced from 23% to 45% through composition
engineering strategy. Moreover, the crystallization quality and
stability of the films were also greatly improved.

2. Materials and methods
2.1. Materials

Phenylethylammonium bromide (PEABr, 99.99%),
methylammonium bromide (MABr, 99.99%), and lead bro-
mide (PbBr2, 99.99%) were purchased from Sigma-Aldrich.
N,N-dimethyl formamide (DMF, 99%), dimethyl sulfoxide
(DMSO, 99%), and chlorobenzene (CB, 90%) were purchased
from Beijing Chemical Reagent Co., Ltd., China.

2.2. Preparation of PEA2MAn−1PbnBr3n+1 precursor so-
lution

The 0.5 M PEA2MAn−1PbnBr3n+1 precursor solutions
were prepared by dissolving PEABr, MABr, and PbBr2 in a
mixture of DMF and DMSO (1:1 v/v) at different molar ra-
tios of 2:0:1, 2:1:2, 2:2:3, 2:3:4, and 2:4:5 for the phases with
n= 1, 2, 3, 4, 5. The solution was then stirred for 12 h at 50 ◦C
until completely dissolved in an argon-filled glove box.

2.3. Characterization

The morphology of the quasi-2D perovskite films
was tested using the scanning electron microscopy (SEM)
(JSM-7500F). The crystallinity characterization of the
PEA2MA2Pb3Br10 films was studied by x-ray diffraction
(XRD) (Panalytical X’Pert Pro). The steady-state PL and
UV-visible absorption spectra of the films were measured
by using a steady-state PL spectrum (Horiba; Fluorolog-3)

and Shimadzu UV-3150 spectrophotometer at room temper-
ature. The steady-state PL spectra at different temperatures
were obtained by using a double grating spectrofluorometer
(Horiba; Fluorolog-3), which is equipped with a closed-cycle
helium cryostat (Jannis CCS-100). The absolute PLQY of
the quasi-2D perovskite films was measured by a fluorescence
spectrofluorometer (Horiba; FluoroMax-4) with an integrated
sphere with the excitation wavelength of 360 nm (Horiba;
Quanta-ϕ). A pulsed NanoLED was used to conduct the time-
resolved PL measurement.

3. Results and discussion
Figures 1(a)–1(c) illustrate the processing procedures for

the preparation of 2D perovskite films PEA2MAn−1PbnBr3n+1

by using one-step spin-coating method.[22] Firstly, the pre-
cursor solution with theoretical stoichiometric ratio was spin-
coated on a glass substrate with a low-speed spinning at
500 rpm for 5 s, then a fast-speed spinning at 3000 rpm
for 55 s. During the spin-coating process, 100 µL anti-
solvent, chlorobenzene, was dropped onto the films in 40 s
to assist the crystallization process. Then the sample was
directly transferred to the heating plate for annealing treat-
ment at 80 ◦C for 20 min. Finally, a series of differ-
ent 2D perovskite compositions PEA2MAn−1PbnBr3n+1 (de-
fined by the ratio of chemical formula) were obtained by ad-
justing the proportion of the precursors. The Ruddlesden-
Popper type 2D perovskites PEA2MAn−1PbnBr3n+1 are com-
posed of inorganic [PbBr6]4− layers separated by the organic
long chain, PEA+((C6H2C2H4NH3)

+), with small organic
cations inserted in the gap of the inorganic layers, which
could be seen as a sandwich construction.[23] In the for-
mula PEA2MAn−1PbnBr3n+1, n represents the number of lead-
based halide octahedra layers, which could be tuned by chang-
ing the stoichiometric ratios of precursors. When n = 1, pure
2D perovskite (PEA)2PbBr4 is formed without MA+ (small
cation). With increasing MA+, quasi-2D compositions (n = 2,
3, 4, . . . , ∞) are formed, and their luminescence properties are
closer to that of 3D perovskite when the value n is larger.

Figure 2 demonstrates the basic characterization of 2D
perovskites by XRD, UV-visible absorption, and PL spectra.
Figure 2(a) shows the XRD patterns of pure-2D (PEA)2PbBr4.
The single-phase (defined by the inorganic layers of 2D per-
ovskite structure) layered perovskite structure of n = 1 com-
position was confirmed by the strong periodic (00l) planes.[24]

Referring to the previous reports, there were always multiple
n-phases in the quasi-2D perovskite films,[25,26] which might
include n = 1, 2, or n ≥ 3 phases. Specifically, there was only
n = 1 phase for n = 1 composition. While for n = 2 quasi-2D
perovskite films, we observed the diffraction peak at an angle
of 4.0◦ (identified by triangular symbol in Fig. 2(b)), which is
the satellite peak of n = 2 phase.[25,27]
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Fig. 1. (a)–(c) Schematic illustration of the preparation of 2D perovskite films by typical one-step spin-coating method. (d) Schematic structures
of 2D perovskites, PEA2MAn−1PbnBr3n+1, with different phases, n = 1, 2, 3, ∞.
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Fig. 2. (a, b) XRD patterns, (c) UV-visible absorption, and (d) steady-
state PL spectra of the 2D perovskite films PEA2MAn−1PbnBr3n+1
(n = 1, 2, 3, 4, 5, ∞) obtained by typical one-step spin-coating method.
The diffraction peaks marked by triangles, diamonds, and circles in
panel (b) represent the phases of n = 1, 2, and ∞, respectively.

In addition to the diffraction peaks of n = 2, the diffrac-
tion peaks (marked by the diamond) of n = 1 phase still re-
mained. With the increase of small cation MA+, the intensi-
ties of diffraction peaks of n = 1, 2 phases significantly de-
crease, and become much weaker in the quasi-2D perovskite
with n = 3 composition. Until n ≥ 4 compositions, the diffrac-
tion intensities of small angle peaks decline dramatically and

even almost absent, which suggests the dominance of n = ∞

phase perovskites with negligible phases of small n value in
the products. Figure 2(c) presents the evolution of the absorp-
tion spectra for different 2D perovskite compositions. It is
found that the quasi-2D perovskite films with different compo-
sitions have two distinctive absorption peaks located at high-
energy states (400 and 431 nm, 3.10 and 2.87 eV) and a low-
energy absorption peak (520 nm, 2.38 eV), corresponding to
small n and large n (n = ∞) phases, respectively, which is
consistent with the previous reports.[28,29] While, compared
to the absorption of pure 3D perovskite MAPbBr3 (530 nm,
2.34 eV), the low-energy absorption peak (520 nm, 2.38 eV)
of the quasi-2D perovskite films shows a blue-shift behavior.

Similar to the measurement results of XRD and UV-
visible absorption, a mixture of multiple phases with differ-
ent n values were also observed in steady-state PL spectra.
As shown in Fig. 2(d), the quasi-2D perovskite films display
more than two emission peaks due to the existence of multi-
ple phases. For n = 3 composition, the quasi-2D perovskite
films mainly emit green light and the blue emission greatly
decreases. For n ≥ 4 composition, the blue emission is almost
unobservable. An additional observation is that there is an ob-
vious blue-shift of the green emission (525 nm) for the quasi-
2D perovskites, compared with the 3D perovskite MAPbBr3

(537.5 nm), which could be attributed to the quantum confine-
ment effect according to the previous reports.[16] Disappoint-
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ingly, for n = 2 composition, the emission in blue region was
much stronger than that in the green region and non-ignorable
emission from n = 1 and 2 phases was also observed in n = 3
composition. It was reported that there is an emission compe-
tition between the large bandgap phases (small n phases) and
the small bandgap phases (n = ∞ phase or 3D perovskite) in
the quasi-2D perovskite films.[13,14] The presence of a large
number of small compositions (n = 1 phase) is not conducive
to the efficient energy transition from the quasi-2D perovskite
to the 3D perovskite,[29] which would lead to a low fluores-
cence efficiency.

Therefore, in order to suppress the above small phases
(particularly n = 1, 2 phases) in the quasi-2D perovskites, we
optimized the process of film nucleation by adding a step of
vacuum evaporating solvent before annealing, and the vacuum

treatment time is 20 min. The detailed procedures are shown
in Fig. 3.

(a)
pump

(b) (c)

with vacuum

w/o vacuum

80 C for 20 min

Fig. 3. (a)–(d) Schematic illustration of the improved preparation of 2D
perovskite films.

23 %

400 500 600 700

A
b
s.

 i
n
te

n
si

ty

Wavelength (nm)

w/o vacuum
with vacuum
3D MAPbBr3

400 450 500 550 600 650

N
o
rm

a
li
z
e
d
 P

L
 i
n
te

n
si

ty

Wavelength (nm)

w/o vacuum
with vacuum
3D MAPbBr3

100 200 300 400 500 600

w/o vacuum
with vacuum

C
o
u
n
ts

Time (ns)

0

10

20

30

40

50

60

with vacuum

P
L
Q

Y
 (

%
)

w/o vacuum

(a) (b)

(c) (d)

45%

Fig. 4. (a) UV-visible absorption, and (b) steady-state PL spectra of the quasi-2D perovskite films (n = 3 composition) with and without the
vacuum poling treatment and 3D MAPbBr3 perovskite films (black dashed lines). (c) Time-resolved PL spectra, and (d) PLQYs of the quasi-2D
perovskite films (n = 3 composition) with and without the vacuum poling treatment. The insets present the corresponding photographs of two
quasi-2D perovskite films under 365 nm light illumination (left, control sample; right, treated sample).

At a low pressure of 5 Pa, a rapid evaporation of sol-
vent is beneficial to the crystal nucleation of the quasi-2D
perovskites. Then, the sample was annealed at 80 ◦C for
20 min to improve the crystallinity of the films (called the
treated films in the following). Compared with the as-prepared
quasi-2D perovskite films (n = 3 composition) without the
vacuum poling treatment (called the control films), the treated
films exhibit a significant improvement in their optical prop-
erties. As shown in Fig. 4(a), after the vacuum poling treat-
ment, the intensities of the absorption peaks at 400 nm and
432 nm are significantly suppressed. Analogously, the PL

emissions at 410 nm and 440 nm (corresponding to the n = 1
and n = 2 phases) of the treated films dramatically decline,
and the emission at ∼ 525 nm dominates the PL spectrum, as
seen in Fig. 4(b). Here, it should be mentioned that the dom-
inant emission at ∼ 525 nm (Fig. 4(b)) and the absorption at
∼ 520 nm (Fig. 4(a)) of the treated films result from the con-
tribution of n ≥ 4 phases in the quasi-2D perovskite films, be-
cause there is an obvious blue-shift trend compared with the
pure 3D MAPbBr3 perovskite films (black dashed lines). The
above results suggest that an obvious suppression of small n
value phases in the quasi-2D perovskite films could be suc-
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cessfully achieved by the vacuum poling treatment.
To further investigate the influence of vacuum evapora-

tion solvent on the luminescence properties of the quasi-2D
perovskite films (n = 3 composition), the time-resolved PL
spectra were measured to identify the changes in the carrier
recombination dynamics of the control and treated films. As
shown in Fig. 4(c), the lifetime decay curves of two samples
can be well-fitted by the tri-exponential decay model. For
the control films, the longest lifetime τ3 = 197.85 ns is re-
lated to the radiative recombination and the shorter lifetimes
τ1 = 2.36 ns, τ2 = 20.00 ns can be attributed to the trap-
assisted recombination. The obtained PLQY of the control
films is measured to be 23% (Fig. 4(d)). After the vacuum
evaporation solvent treatment, the longest lifetime τ3 of the
treated quasi-2D perovskite films is increased markedly to
215.26 ns and the PLQY is also significantly improved to 45%.
The insets in Fig. 4(d) display the corresponding photographs
of the quasi-2D perovskite films with and without the vacuum
poling treatment, and significantly different emission intensity
can be distinguished. Both the time-resolved PL and PLQY
measurement results imply that the effective radiation recom-
bination of the quasi-2D perovskite films was enhanced sub-
stantially after the vacuum evaporation solvent treatment. We
consider that the obvious promotion of PL lifetime and PLQY
for the treated quasi-2D perovskite films is due to the increased
amount of large n value phases and the suppression of small n
value phases after the vacuum evaporation treatment, and the
detailed phase distribution diagrams are illustrated in Fig. 3(c).
Many studies have proved that the charge carriers in quasi-
2D perovskite films PEA2MAn−1PbnBr3n+1 can transfer from
small n value phases to large n value phases, leading to an in-
tense green emission. The SEM images in Fig. 5 show the
top-view morphology of the control and treated quasi-2D per-
ovskite films. One can see that more compact and pinhole-free
films were obtained after vacuum evaporation solvent treat-
ment. So we speculate that another factor for the increased PL
lifetime and PLQY of the treated quasi-2D perovskite films
is the reduced trap density within the films. Therefore, the
vacuum treatment can accelerate the solvent evaporation and
nucleation crystallization to form dense films, and the non-
radiative recombination centers caused by the defect states
were reduced.

To better understand the optical recombination mecha-
nisms of the quasi-2D perovskite films before and after vac-
uum poling treatment, temperature-dependent PL measure-
ments were conducted (10–300 K). Figures 6(a) and 6(d) show
the pseudocolor map of temperature-dependent PL spectra of
the quasi-2D perovskite films (n= 3 composition) without and
with the vacuum poling treatment. One can see that the PL
emission of the two films represents a declining trend caused

by the thermally activated nonradiative recombination. Mean-
while, the emission peaks exhibit a continuous blue shift with
the increasing temperature. Such uncommon blue shift phe-
nomenon may result from the thermal expansion of the crys-
tal lattice and the electron–phonon renormalization.[30–32] The
Arrhenius plots of the integrated PL intensities for the control
and treated films are shown in Figs. 6(b) and 6(e), and the data
could be well fitted by the following formula:[33]

I(T ) =
I0

1+Aexp
(
− EB

kBT

) , (1)

where I0 is the emission intensity at 0 K and A is a propor-
tional constant, and kB is the Boltzmann constant. The fit-
ting result demonstrates a value of EB = 56.45 meV for the
treated quasi-2D perovskite films (Fig. 6(e)), smaller than that
of the control films (EB = 62.45 meV) due to the suppression
of phases with small n values, which is consistent with the
previous reports.[17,34]

(a) (c)

(d)

10 mm

(b)

10 mm

500 nm500 nm

Fig. 5. SEM images of the quasi-2D perovskite films (n = 3 composi-
tion) without (a), (b) and with (c), (d) the vacuum poling treatment.

In order to examine the exciton–phonon interaction in car-
rier recombination process, the linewidth broadening behavior
of the emission peak was investigated. As seen in Figs. 6(c)
and 6(f), the full-width at half-maximum (FWHM) values of
the PL emission peaks at different temperatures were fitted by
using the following function:[35]

Γ (T ) = Γ0 +σT +
ΓOP

exp(h̄ωOP/KT )−1
, (2)

where Γ 0 is the non-uniform linewidth, σ is the exciton-
acoustic phonon interaction, Γ OP is the exciton-optical fitting
coefficient, and hωOP is the optical phonon energy. Accord-
ing to the equation, a nonlinear increase in FWHM with the
increasing temperature mainly results from the contribution
of acoustic and optical phonons. Finally, the hωOP values of
the control and treated films were fitted to be 31.18 meV and
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30.12 meV, respectively. Note that the slight decrease of the
optical phonon energy suggests that the exciton–phonon in-
teraction in the treated films is relatively weaker. The above

results imply that small n value phases with large exciton–
phonon interaction were effectively suppressed by the vacuum
treatment.
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Fig. 6. (a), (d) Pseudocolor map of the temperature-dependent PL spectra of the quasi-2D perovskite films (n = 3 composition) without and
with the vacuum poling treatment. (b), (e) Integrated PL intensity, and (c), (f) FWHM of the quasi-2D perovskite films (n = 3 composition)
without and with the vacuum poling treatment.
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Fig. 7. (a), (b) PL spectra evolution, and (c) PL intensity evolution of the quasi-2D perovskite films without/with the vacuum poling treatment
in the air ambient (25 ◦C, 40% humidity). (d)–(f) Photostability test of the quasi-2D perovskite films without/with the vacuum poling treatment
under continuous UV light irradiation (365 nm, 3.0 mW/cm2). (g)–(i) Thermal stability test of the quasi-2D perovskite films without/with the
vacuum poling treatment under continuous heating at 60 ◦C for 600 min.
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It is particularly notable that the stability of halide per-
ovskites is the main factor affecting their practical commer-
cial applications.[36,37] Typically, the conventional 3D lead-
halide perovskites are especially sensitive to the surrounding
environment and a rapid decomposition of organic-inorganic
hybrid perovskites will occur in moist air due to the hygro-
scopic amine salts, which will dramatically reduce the fluo-
rescence efficiency. In this study, the environmental stabil-
ity of the quasi-2D perovskite films was evaluated by explor-
ing the effects of humidity, UV light irradiation, and heat on
the optical properties of products without/with vacuum poling
treatment. Figures 7(a)–7(c) show the moisture stability of the
control and treated films. In the 40% humidity ambient con-
dition (25 ◦C), the PL emission of the control films gradually
decreased, exhibiting a moderate decay of 18% after a storage
for 600 min (Figs. 7(a) and 7(c)). While, for the product with
vacuum poling treatment, only a tiny emission decay of about
8% was generated (Figs. 7(b) and 7(c)). It is worth nothing that
the FWHM and peak position of PL spectra remained almost
unchanged for both films throughout the entire test. Com-
pared to the 3D perovskites, the good stability against mois-
ture for the 2D perovskites is mainly due to the hydrophobic
organic amine salt. Under the continuous UV light irradiation,
the shape and peak position of the PL emission spectra also
keep almost the same for both samples. A moderate emission
decay of 18% was observed for the treated films (Figs. 7(e)
and 7(f)), while a relative large emission decay of about 35%
was generated for the control films after the continuous UV
light irradiation for 600 min (Figs. 7(d) and 7(f)). Moreover,
the quasi-2D perovskite films with vacuum poling treatment
also exhibit excellent thermal stability. As seen in Fig. 7(g),
the control films experienced a sharp fluorescence quenching
under continuous heating at 60 ◦C, retaining only 32% of the
initial intensity after 600 min. By contrast, nearly 78% of the
original PL intensity was retained for the treated films over
the same time (Figs. 7(h) and 7(i)). The above results sug-
gest that the stability of the quasi-2D perovskite films against
moisture, UV light, and heat can be markedly enhanced by
the vacuum poling treatment. The remarkable improvement
of environmental stability may be attributed to the suppression
of multiple small n value phases (typically n = 1, 2 phases)
and the promotion of crystallization quality of the films. The
improved stability of the materials builds a good foundation
for their further photoelectronic device application.

4. Conclusions
A series of 2D perovskite films PEA2MAn−1PbnBr3n+1

(n = 1, 2, 3, 4, 5, . . . , ∞) were prepared by one-step spin-
coating method, and the phases of quasi-2D perovskite films
with small n values were significantly restrained by the vac-
uum poling treatment before annealing. The resulting quasi-

2D perovskite films PEA2MA2Pb3Br10 emitted mainly green
light located at 525 nm, showing a slight blue shift com-
pared with that of the 3D perovskite MAPbBr3. Moreover,
the detailed measurements on temperature-dependent steady-
state and time-resolved PL exhibit that the EB decreased and
PL lifetime increased after the vacuum treatment, which are
due to the suppression of small n phases and the reduced traps
and defects within the films. The obtained PLQY was also en-
hanced from 23% to 45%. In addition, the films with the vac-
uum poling treatment exhibited an improved stability against
heat, moisture, and UV light irradiation. This work provides
valuable information for the preparation of high-quality quasi-
2D perovskite films, facilitating their applications as emitters
for high-performance LEDs.
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